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We discuss the mechanisms that lead to A(1405) production in the n~p — > K°tvY1 reaction. The 
problem has gained renewed interest after different works converge to the conclusion that there are 
two resonances around the region of 1400 MeV, rather than one, and that they couple differently 
to the 7rE and KN channels. We look at the dynamics of that reaction and find two mechanisms 
which eventually filter each one of the resonances, leading to very different shapes of the 7rE invariant 
mass distributions. The combination of the two mechanisms leads to a shape of this distribution 
compatible with the experimental measurements. 
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I. INTRODUCTION 

The A(1405) resonance has kept the attention of re- 
searchers for a long time. It has been suggested to be a 
quasi-bound KN state which appears in a coupled chan- 
nel approach to the strangeness S — — 1 meson-baryon 
interaction close to the KN threshold pj. Subsequent 
studies combiningchiral dynamics and unitarity in cou- 
pled channels [1113, have brought new light into this 
idea and substantiated it from the modern perspective 
of chiral Lagrangians. Yet, one of the theoretical sur- 
prises along these lines has been the persistent finding 
of two resonances close to the nominal A(1405). It was 
already found in Ref. 5] using the cloudy bag model 
that two poles, rather than one, appeared in the region 
around 1405 MeV with the quantum numbers of A(1405), 
I{J P ) — 0(l/2~). Subsequently, two similar poles have 
been found in Refs. 0, 0,11 S 111 El 111 El using chi- 
ral unitary approaches to the problem. All the different 
approaches agree qualitatively in the following : 

a) Two poles appear in the complex plane close to the 
1405 MeV region. 

b) The pole at lower energies has a larger width than 
the one appearing at higher energies. 

c) The lower energy resonance couples strongly to 7r£ 
and weakly to KN, while the opposite occurs for 
the resonance appearing at higher energy, although 
in models which do not fit the K~p threshold 
branching ratio .9j, the couplings look more sim- 
ilar. 

A clarification of this interesting result has been made 
in Ref. El where the two A(1405) states have been inter- 
preted in the following way : The SU(3) decomposition 
of the octet representation of the l/2 + baryons times 
the octet of the 0~ pseudoscalar mesons leads to a sin- 



glet and two octets (apart from the 10, 10 and 27 rep- 
resentations). The two octets appear degenerate in the 
limit of exact SU(3) symmetry, but the explicit breaking 
of SU(3) due to different masses of the mesons and the 
baryons breaks the degeneracy. When this happens, one 
observes two trajectories for the poles in terms of a given 
SU(3) breaking parameter. Two branches for 7=1 and 
two for / = emerge, one of them moving to the higher 
energy side of the SU(3) symmetric pole and the other 
one moving to the lower energy side. The I — branch 
that moves to low energies comes very close to the sin- 
glet pole, in such a way that reactions occurring in the 
energy region around 1400 MeV will excite both reso- 
nances, but only one apparent bump will be seen, giving 
the impression that there is only one resonance. Yet, it 
was discussed in Ref. EH that, given the fact that the 
two resonances couple very differently to the KN and 
7rE states, different reactions can give more weight to 
one or the other resonance leading to different shapes in 
the 7r£ mass distribution. Examples were given there for 
possible situations and the K~p — > A(1405)7 reaction 
was suggested as a means to see a case in which much 
weight is given to the higher mass resonance, resulting in 
a 7rS mass distribution narrower than the nominal one 
with the peak position shifted by about 20 MeV to higher 
energies. 

The lesson learned in that paper is that the shape of 
the 7r£ mass distribution obtained for a certain reaction 
depends drastically on the dynamics of the reaction. This 
reopens a problem since the shape of the A(1405) reso- 
nance from the 7rS mass distribution was formerly as- 
sumed to be an intrinsic property of the resonance and 
hence independent of the reaction used to produce it. 
For instance, in Refs. H S S H El El El , the ttE mass 
distribution was generated assuming 

-^f = C\t^^^\ 2 p C M (1) 
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with pcm the momentum of the pion in the 7rE rest 
frame. In practice, this will not necessarily happen, and 
at least it will not in some reactions. Indeed, if one bears 
in mind that the A(1405) resonance is built up from the 
multiple scattering of the coupled channels, KN, 7rE, r]A, 
ICE, one can produce the resonance first by producing 
any of these channels and then having final state inter- 
action leading to the final 7rE state. Hence, instead of 
Eq. QJ, we should rather have 



da 
~dM~! 



(2) 



with i standing for any of the coupled channels, and the 
coefficients C, will depend upon the particular reaction. 
If there is one pole around A(1405), then the shape of 
>7te| is almost uniquely determined independent of the 
channel i. However, when there are two poles, it depends 
on i, since the different channel i couples to the poles with 
different strengths [l4|. Therefore, the mass distribution 
develops one or another shape depending on the coeffi- 
cients Ci. The fact that this distribution follows Eq. 
rather than Eq. was already pointed out in Ref. [6j- 
However, no attempt was done to calculate the Ci coef- 
ficients but rather they were fitted to the data to obtain 
the experimental shape of the A(1405) resonance. 

The aim of the present work is to study the 7r~p — > 
K°irY, reaction, from which the experimental data of 
the A(1405) resonance are usually extracted (l5|. An- 
other source of experimental information comes from the 
K-p -> £ + (1660)tt- reaction followed by £+(1660) -> 
A(1405)7T+, A(1405) -> ttS The purpose of the 

present paper is to investigate the dynamics that goes 
into the ir~p — > K°irYi reaction, and obtain the coeffi- 
cients entering Eq. J2J) which determine the shape of the 
A(1405). 

In the next section, we explore the analogy of the 
ir~p — » AT°7r£ reaction with the irN — > irirN reaction 
making an SU(3) extrapolation of the same low energy 
ttN — ► ttttN model. In section 3, we show the results with 
this model, and in section 4, we look at the contribution 
of resonance states excited in the s-channel. Results and 
conclusions are shown in subsequent sections. 



denotes trace of SU(3) matrices. Similarly following 
Refs. 0, 120I l2*l| . we write the lowest order chiral La- 
grangian including the coupling of the octet of pseu- 
doscalar mesons to the octet of l/2 + baryons as 



A' 



(B) 



< Bi^V^B > -M B < BB > 
+ ~£><B 7 "75K,-B}> 

+ \f <B^1^W,B] > , 



(4) 



where we have adopted the usual definition for the baryon 
field B, mesonic current and the covariant derivative 
llil ■ The strengths of the F and D coupling constants 
are fixed as F — 0.51, D = 0.75. At lowest order in 
momentum, that we will keep in our study, the meson- 
baryon interaction Lagrangian comes from the T M term 
in the covariant derivative of Eq. Q : 

C WT =< 5z 7 m_L - > , (5) 

which gives the Weinberg- Tomozawa interaction. Here $ 
represents the octet meson field [ljj . The D and F terms 
of Eq. provide the Lagrangian where odd number of 
mesons couple to the two baryons. We derive the meson- 
baryon Yukawa interaction from this term as 



^Yukawa = - ^=7 < D(B^ l5 {8^, B}) 

v 2 J (6) 
+ F(Br l5 [d^,B}) > , 

and the MMMBB (three meson-two baryon) contact 
interaction as 
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+ F(B 7 ^ 75 [(9 A1 $($ 2 ) 

- 2$9 M $($) + <S> 2 d^), B]) > 



(7) 



II. CHIRAL AMPLITUDES FOR THE 

■K-p -» K°tyE REACTION 

A. Lagrangian 

In this subsection, we briefly summarize the chiral La- 
grangian, that we use in the following calculations. The 
meson-meson Lagr ang ian at the lowest order needed here 
takes on the form Il7l 113 



Co 
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12/2 



< (<9 M $$ - $^$) 2 + M$ 4 > 



(3) 



where / is the meson decay constant, M is the quark 
mass matrix M = diag(m, m, m s ), and the symbol < > 



B. Construction of the chiral amplitude 

We construct a model for the Tr~p — > i^°7r£ reaction 
at energies close to threshold for the n^p — » A'°A(1405) 
production. This means a total center of mass energy 
t/s ~ 2 GeV, or equivalently a three momentum of the 
initial pion p^ ~ 1.7 GeV /c in the Laboratory frame. 

Formally, we can separate the process into two parts. 
The first one which involves tree level ir~p — > K°MB 
amplitudes, and a second part which involves the final 
state interaction MB —* 7r£, which eventually gener- 
ates a resonance if kinematical and dynamical conditions 
allow for it. This is shown in Fig. ^ We produce dy- 
namically the A (1405) via the final state interaction, as 
it was done for the photoproduction of the A(1405) in 



FIG. 3: One loop functions for MB -> MMB. 



FIG. 1: Diagrams entering the production of the A(1405) in 
the Tv-p -» if°A(1405) -> isT°7rE. In the figure, M and B 
stand for the meson and baryon of the 10 possible coupled 
channels. The A(1405) resonance is dynamically generated 
by the final state interaction of M and B. 

(a) (b) 




FIG. 2: Basic terms entering the threshold production of 
pions in nN — > tvtvN. (a) : meson pole term, (b) contact 
term. 

the 7p — > _ftT + A(1405) j2^. This is accomplished by sum- 
ming the series of diagrams depicted in Fig. [l] via the 
Bethe-Salpeter equation in coupled channels Q| 

t = V + VGT , (8) 

with the kernel V obtained from the lowest order chi- 
ral Lagrangians of Eq. JSJ. The coupled channels ap- 
pearing in this problem are K~p, K°n, 7r°A, 7r°E°, 77A, 
77E , 7T+E-, 7T-S+, K+E-, K°E°. In the following, the 
meson-baryon channels are numbered according to this 
ordering. 

Concerning the initial process, the hatched blob in 
Fig- E is given by the sum of meson pole terms and con- 
tact terms as shown in Fig. [21 From the Lagrangian 
of Eq. we obtain the meson-meson amplitude of or- 
der /~ 2 and from the Lagrangian of Eq. J2J| (D and F 
terms), at order / , the meson-baryon-baryon coupling 
as shown in Eq. • In this way we get an amplitude at 
lowest order of (D(f~ 3 ), which requires for consistency to 
calculate the order (D(f~ 3 ) from the D and F terms of 
Eq. Q by expanding in the number of meson fields up 
to three as shown in Eq. Q. This generates the contact 
term of Fig. 0(b). 



C. On-shell factorization 

One interesting observation in Ref. 3 is that the V 
amplitudes can be factorizcd on-shell (as a function of s) 
inside the meson-baryon loops appearing in Fig.^ In the 
present case there is also an on-shell factorization for the 
initial process n~p — > K°MB as we discuss briefly. This 
process is then followed by the final state interaction, 
shown by the open blob. 



For that purpose, let us consider the one loop diagram 
of Fig. |3 (a). In the following, we first show the factoriza- 
tion of the meson-meson amplitude with the momentum 
q on-shell, then show the cancellation of the off-shell part 
of the meson-meson amplitude associated to the momen- 
tum ki n — k ou t — q. With these arguments, the on-shell 
factorization of the meson-baryon loops 4] can be applied 
to the present initial process, and we can calculate the 
whole amplitude by evaluating the initial process at the 
tree level, separated from the subsequent meson-baryon 
loops. 

Let us start with showing that the meson-meson am- 
plitude factorizes in Fig. |3 (a) with the momentum q 
on-shell. The s-wave meson-meson amplitudes from the 
chiral Lagrangians at lowest order have the form 

tMM = as + 2J km? + 2J - mf) , (9) 

i i 

where the term with /3 gives the off-shell extrapolation of 
the amplitude. If we take just this off-shell part for the 
meson of momentum q in Fig. [3] (a), the loop function 
reads as 




x G N {p in + kin - kout - q)<r ■ {Kn - k out - q) 



using the non relativistic form (tr-p) for the MBB vertex, 
which will be improved later on to account for relativis- 
tic corrections. One should note that in Eq. (|1C)|> . the 
off-shell part of the meson-meson amplitude cancels the 
meson propagator and leads to a contracted diagram of 
the type of Fig. 0(b). On the other hand, it is interest- 
ing to note that genuine diagrams of the type of Fig. 
(b) appear from the consideration of the BBMMMM 
terms that come from an expansion in the meson fields 
of the chiral Lagrangian. These terms should be added 
for consistency. However, by changing q to the p vari- 
able of Fig. |3 (b) in the loop functions and realizing 
that the dominant term in the "f^d^ structure of the 
BBMMMM vertex comes from the 7°9o component 
(and hence no three momentum dependence), the loop 
functions of Fig. [21 vanish at this order (corrections com- 
ing at order 0(1/2M)). 

There is also a cancellation of the off-shell part of the 
meson-meson amplitude for the meson with momentum 
km — k out — q in Fig. [3 (a) . It appears already at tree 
level, but it comes from an exact cancellation between 
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the off-shell part of the meson pole term and the contact 
term. This fact justifies the attempt to find out the on- 
shell 7T7T scattering amplitude from analysis of the irN — > 
ttttN data omitting the contact term |2J|, except for the 
contribution of other terms in the process [25]]. This off- 
shell cancellation found here is important conceptually. 
In practice, we just calculate the meson pole term with 
the p ex variable off-shell and add the contact term in each 
case, and the cancellation takes place automatically. 

Next we look into a possible contribution from the 
p-wave part of the meson-meson amplitude. As antici- 
pated, we are looking at the ir~p — ► K°ttTi reaction close 
to threshold of the KN production in ir~p — > K°KN. 
This means that three momenta of the three final parti- 
cles in the ir~p — > K°MB are negligible with respect to 
their energies. Therefore, the on-shell factorization will 
just pick up the s-wave part of the MM amplitude. One 
might argue that the p-wave part of the meson-meson 
amplitude will not be small when taken inside loops. By 
looking again to the diagram of Fig. (a), the p-wave 
part of the amplitude would lead to a contribution in the 
loops of the type 



d 4 qk in ■ qDn(h 

X G(pi n ki n — 



t-q)D(q) 
q)(T ■ (k in - 



(11) 



kn 



Since we know that ki n ~ 1500 MeV/c and the q integral 
has a cut off of 600 MeV/c , (q/k in ) 2 is a small quantity 
which would allow one to take a constant propagator for 
the meson of momentum — k out — q. Since k out ~ 0, 
the term with (k in ■ q) (ar ■ k in ) vanishes in the integral, 
but there remains an integral 

J d^q [k in ■q)(tr- q)D(q)G N {p in ~ k in - k out - q) , (12) 

which should be reasonably smaller than the correspond- 
ing term from the meson meson s-wave which is pro- 
portional to <r • kin- Yet, there is more to it. With 
kin + Pin = 0, and k out ~ 0, the argument of G de- 
pends on q 2 and we are left with an integral of the type 



d 4 qq i q j D(q)G N (p i n ~ k in ~ k out - q) 



^Sij J ' d 4 qq 2 D(q)G N (p in - k in - k out - q) 



(13) 



After performing the q° integration, we are left with an 
integral 

„2 



ar ■ k in I d q 



1 



2 (14) 

' 2uj(q) Mi - uj(q) - E{q) + ie ' V ; 

with Mi the invariant mass of the MB system and w, E 
the meson, baryon energies. The zero in the denominator 
of Eq. I|14l) gets the on-shell condition for a momentum 
q on and we can write 

q 2 = u%) 2 - Uj(q on ) 2 + qln 
Mi - uj(q) - E{q) = uj(q on ) - uj(q) + E(q on ) - E(q) 

(15) 



By neglecting E(q on ) — E(q) which holds in the heavy 
baryon limit (we are all around neglecting 1/M terms), 
the off-shell part of Eq. lfT4")> leads to 



d 3 q 



1 u(q) 2 - u(q on f 
2uj(q) Lo(q on ) - uj(q) 



d 3 q 



u>(q) 2 - u(q on ) 2 



u(q n) 2 



Lu(q) 2 ' 

which is constant in energy. This energy independent 
term, multiplying the er • ki n factor, can be reabsorbed 
into, for instance, the contact term with the use of renor- 
malized coupling constants, say the physical values of f n . 



D. Factorized amplitude 

With the arguments given above, our approach will re- 
quire the evaluation of the meson pole and contact terms 
for the ten coupled channels 7r~p — + K°MiBi, using the 
s-wave AIM — > MM amplitude where the Tr~K°Mi are 
factorized on-shell. Since we also saw that the inter- 
mediate propagator with momenta ki n — k ou t — q could 
also be factorized, this means we factorize the whole 
7r~p — > K a MiBi amplitude on-shell outside the loop in- 
tegral. The remaining loop function contains only the 
meson of momentum q and baryon propagators and this 
is the Gmb{Mi) function found out in the study of the 
meson-baryon interaction in Ref. 0. Hence the whole 
amplitude for the process ir~p — > K a irYl corresponding 
to the upper diagrams of Fig. ^ is given by 



-it. 



chiral 



:<T ■ ki 



. [(OttE + ^tts) 



Y,{ai + h)Gi{Mi)ti^{Mi) 



(17) 



where i runs for the ten coupled channels, is the 

transition T-matrix from the channel i to 7rE studied 
in Ref. gj| and Oj, bi are the on-shell contributions to 
the 7r~p — > K°MiBi tree level amplitude from the meson 
pole and contact terms, respectively. In the appendix, we 
give the dj and bi terms for all the ten channels, where, 
as mentioned before, we have already assumed the three 
momenta of the final particle negligible in all channels. 

For completeness, we also include a recoil factor from 
the 7 M 7 5 <9 /J BBM vertex 



Fi = 1 - 



o(») 

Pex 

2M„ 



(18) 



In addition, we also consider the strong form factor of 
the MMB vertex for which we take a standard monopole 
form factor for all vertices 



Ff(p) 



A 2 



A 2 + p 2 



(19) 



with A ~ 800 MeV. We take the form factor static to 
avoid the fictitious poles of the covariant (A 2 — m 2 )/(A 2 — 
p ) form. But we have checked that using this latter form 
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only changes the results at the level of less than 5 %. 
Given the cancellation of the off-shell part of the meson 
pole term with the contact term, which makes the sum 
of the two terms independent of a possible unitary trans- 
formation in the fields, the form factor is applied both in 
the meson pole and the contact term. This is analogous 
to what is done with the pion pole and Kroll-Ruderman 
term in 7 A — > 7rA to preserve gauge invariance |26j |. 

III. RESULTS WITH THE CHIRAL 
AMPLITUDES 

We perform the calculations for an initial pion momen- 
tum of 1.69 GeV, at which the experiment is done. The 
7r£ invariant mass distribution is given by 

da _ 1 1 MM 1 

dM~i = (2tt) 3 S X 1 / 2 (s 1 M 2 , ml) W T 

x \ 1/2 {s, Mf,m 2 K )X 1/2 (Mf,M 2 ,m 2 )tj:\t\ 2 

(20) 

where M and M are the masses of the nucleon and the 
baryon of the final state, in this case a S, and m the mass 
of the final meson, in this case a it. 

The distributions are calculated for 7r + £~, 7r~£ + and 
7r°S° in the final states. According to the findings of 
Ref. [23 in the A(1405) photoproduction, the I — 1 con- 
tribution approximately cancels in the sum of the 7r + E _ , 
7T~£ + contributions and the 7r°S does not have 1=1 
contribution, such that a{-K + ^) + a{-n^Y l + ) ~ 2cr(7r°S ) 
and both distributions give the 1 = contribution to the 
process, hence the A(1405) contribution. 

In Fig. 01 we can see the results obtained with these 
mechanisms compared to the experimental distribution 
from Ref. ,15]. We can see that the theoretical distri- 
bution peaks around 1420 MeV while the experimental 
one has the peak around 1400 MeV. The theoretical dis- 
tribution is also much narrower than experiment. The 
disagreement between theory and experiment is appar- 
ent. 

We can easily trace back the origin of the shape of 
the theoretical distribution. Indeed, the tree amplitude 
tt~p -> K^M^,. for the case of M i B l = KN involve 
the combinations 3F — D and D + F, which are large 
compared to the D — F combination that we find for 
MiBi ee ttE (we take F = 0.51 and D = 0.75). There- 
fore, that the sum of the terms in Eq. I|17|) is dominated 
by the KN terms, giving a larger weight to the tg- jv^ttS 
amplitude than to the t^^,^ one. As we mentioned, the 
KN states couple strongly to the A(1405) resonance of 
higher energy and weakly to the A(1405) of lower energy. 
As a consequence, what we see is a distribution which 
mostly peaks around the resonance found in Ref. |lj| at 
the pole position zr ~ (1426 + H6) MeV, with a width 
of around 30 MeV. The slightly smaller energy of the 
peak in Fig. 0] and larger width reflects the small contri- 
bution of the resonance of lower energies, also present in 
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FIG. 4: Contribution of the meson pole and contact terms 
(diagrams of Fig. to the 7rE invariant mass obtained averag- 
ing 7T + E~ and 7r _ E + . The histogram show the experimental 
data taken from Ref. [Tfil |. 



the ^ifAr-^Trs, as well as from the i^s^^s amplitudes in 
the sum of Eq. (|17|l . which are dominated by the lower 
energy A(1405) resonance. This latter one appears at 
z R = 1390 + i66 MeV. 



IV. THE S-CHANNEL RESONANCE 
CONTRIBUTION 

Since we have yfs ~ 2 GeV, one could think of the 
possibility of having resonance excitation in the 7rA col- 
lision leading to the decay of the resonance in MMB. 
We would like to have some resonance that can couple 
to the MMB strongly in s-wave. All 5 = baryon 
resonances in the region of 1700 < ^/s < 2100 MeV cor- 
respond to higher partial waves in the 7rA collision, ex- 
cept for the A*(1710) and the A* (2100), which are P n 
resonances with the same quantum numbers of the nu- 
cleon [27]]. Out of these two, the A* (1710) resonance has 
a very large branching ratio to irirN (40-90%), while the 
one of the A* (2100) is unknown, probably small, since 
the large branching ratio seems to be for Nrj (with large 
errors). We thus rely upon the A* (1710) resonance to 
provide some contribution to the n~p — > K°ttT, process. 
Although one can derive different couplings of this res- 
onance to the MMB in an SU(3) scheme (see Ref. [2^] 
for analogy in other Pn resonances), the absence of the 
kinematically allowed ?77rA channel in the decay mode 
of the A* (1710) strongly suggest a Weinberg- Tomozawa 
like coupling where this mode is strictly forbidden at the 
tree level (see Cy coefficients in Refs. |29l l30j]h This 
also has the implicit assumption that the A* (1710) res- 
onance belongs to an SU(3) octet representation, which 
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TABLE I: The d coefficients entering Eq. 





7T TY°p 


7T + 7T 




72 7T 7T U 


Ci 


-V2 
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TABLE II: The d coefficients entering 


Eq. with a A in 


the final state. 








K~K°p 


K°K°n 


7r () A-°A 


7r°A°S r^A 


a i 


2 


V3 
2 


1 3 
9, 9, 


t]K°TP 


n+K°Z~ 


^A°£+ 


K+K°E- K°K°E° 


n. 

o, — 


1 









is the option adopted in the particle data table |2j| . We 
then assume a coupling of the type of 



N* — >MMB 



7 



(21) 

where now n*(1710) and p* (1710) would substitute in the 
B* matrix as the n and p. This Lagrangian is the same 
that appears in the s-wave scattering of meson-baryon |4| 
as we have seen in Eq. (pj . The Lagrangian of Eq. Ij21|l 
leads to the amplitude 



t-N'^MMB 



J 



(22) 



where u>%, u)% are the energies of the two mesons and Cj 
are the Qj SU(3) coefhcients found in 0, |2^, and 
reproduced below in Table [jjfor the N* with zero charge 
going to pions and in Table ITU for N* going to K°MB. 
The B coefficient is easily derived from the partial decay 
width N* — > ir + ir~n, 7r~7r°p, where we have 



MM h 



dLu'0{l-a 2 )ZT,\t\ 2 , 
(23) 



~ 777T1V „ o /— 

where 0(x) is a step function and 

a = ^{(Mr -cj- co') 2 - M 2 - k 2 - k' 2 } , (24) 
with k, k the moduli of the two pion momenta and 



S£|i| 2 = 3^-c') 2 . 



(25) 



Similarly, the tt p — > V* coupling is given by (including 
the isospin factor) 



-4 , 

/ 



(26) 



by means of which the partial decay width is given by 

IMA 2 



tN 



1.3 

2tt^/ 2 m 



(27) 



Assuming the middle values of the N* width (T ~ 100 
MeV) and partial decay widths for nirN and ttN channels 
(T^N = 65 MeV and T^ N = 15 MeV), we find 



\A\ = 0.086 



\B\ = 0.77 



(28) 



For later convenience, we refer to this parameter set in- 
cluding Mr = 1710 MeV as Set I. 

The ir~p — ► K°nT, production via AT(1710) and 
A(1405) production is now given diagrammatically in 
Fig. El The amplitude for 7rE production is now given by 



A , 



r (-*)-«- 



(29) 



with 7rS = 7T°E , 7r _ S + , 7r + S _ , and Wj, u)k° given by 
their on-shell values, following the same arguments used 
m Ref. H to factorize the MB — > MB amplitude on-shell 
in the loops, 



UJ K o 



Mf 



Mf + m 2 -M 2 
2M T 



, (30) 



with TOi, Mi the meson and baryon masses of the particle 
in the N* — > K°MB reaction, and Mj the 7rE invari- 
ant mass. Furthermore, in Eq. (|29|) T is the total width 
whose energy dependence is taken into account by using 
Eqs. (|23|l and (|27|l for the ttttN and ttN channels, re- 
spectively, and by considering a k 3 dependence for the 
T]N channel. 



V. RESULTS WITH THE RESONANT 
MECHANISM : FINAL RESULTS 

In Fig.® we show the results that we obtain for the res- 
onant mechanism (dashed line) with Set I, together with 
the results obtained before from the chiral mechanisms 
(dotted line). The calculation was performed at the en- 
ergy y/s = 2020 MeV, or equivalently p„ = 1690 MeV in 
the laboratory frame. This is the ener gy a t which the ex- 
periment we compare with was done |l5| . Although the 
figure is shown in arbitrary units, we have adjusted the 
relative scale between the experimental and theoretical 
curves assuming that the integrated experimental mass 
distribution should coincide with the total cross sections 
in the 7rS channels given in Ref. [15j. Theoretical and 
experimental total cross sections for various channels are 
shown in Table IIIII We can see that the strength of the 
resonant mechanism is smaller than that of the chiral 
terms, however, the 7r£ distribution created by the reso- 
nant mechanism is much broader and peaks around 1390 
MeV. It is instructive to see the reason for the shape 
of the resonant mechanism. Indeed, we have seen that 
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FIG. 5: Resonant mechanisms for A(1405) production in the ir~p — » K°nT, reaction. 



Total 

Chiral term 

— Resonance term 




1360 1400 1440 1480 

M, [MeV] 

FIG. 6: Invariant mass distribution of 7rE obtained by aver- 
aging 7T + E~ and 7r~E + with parameter Set I. The histogram 
shows the experimental data taken from Ref. [TbI | 



the N* — > NM\M% vertex goes like B(u\ — w 2 ). Now 
for the case of the K°KN channel, the amplitude goes 
like ujjco — ojk, but we are at low energies, close to the 
K°KN threshold production, where the difference of the 
two kaon energies is close to zero. On the other hand, 
in the TV* — * K°irT,, the difference between the K°&nd it 
energies is finite and of the order of 300 MeV in the re- 
gion that we study. Hence, the K°ttT, channel is strongly 
favored and according to Eq. (|29p. the final 7r£ produc- 
tion channel is practically given by t^s—^Y . The factors 
(u>i — luk°) and Gi(Mi) give extra weight to this am- 
plitude to finally produce a distribution that essentially 
reflects the lower energy A(1405) resonance to which the 
7rS channel couples strongly. 

The coherent sum of the two mechanisms, taking A ■ 
B > 0, leads to a mass distribution, given by the solid 
line, which still remains to be dominated by the chiral 
terms and the agreement with the data is not very good. 

It is possible to improve the theoretical mass distribu- 
tion if we play a bit with uncertainties in the resonance 
mass, the total N* width and the branching ratios. By 
assuming M R ~ 1740 MeV, V = 200 MeV and T^n = 40 
MeV and T^n = 100 MeV (We refer to this parameter 



T 



Total 

Chiral term 
— Resonance term 




1360 1400 1440 1480 
M, [MeV] 



FIG. 7: Same as in Fig. ©but with Set II. 

set as Set II) well within the experimental boundaries, we 
obtain the results of Fig. [7| where the agreement with the 
data becomes acceptable. The increase in the resonant 
part is mostly due to the increase in the 7r AW* (1710) 
coupling constant when using the larger partial width 
FttN = 40. In Table ITTT1 we have summarized cross sec- 
tions of various channels comparing experimental data 
and theoretical results with the two sets of parameters. 
Except for the K a Tr°A channel in which £(1380) reso- 
nance, not accounted for in our study, plays a major role, 
the agreement between theory and experiment is accept- 
able for Set II. We can also see that the use of Set II not 
only improves the mass distribution but also the global 
agreement with the individual cross sections. Note the 
importance of the interference in the chiral and resonant 
terms in order to obtain a better agreement between the- 
ory and experiment. 



VI. CONCLUSIONS 

We have developed a model for the ir~p — * i^°7r£ re- 
action in the region of excitation of the A(1405) reso- 
nance. We discussed the fact that present theoretical 
models using chiral dynamics and coupled channel uni- 
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TABLE III: Total cross sections for several final states with 
parameter sets I and II in units of [fib]. Experimental data 
are taken from Ref. |15f . 



final state 




> K°K°n 








chiral 


2.36 


2.84 


3.14 


3.04 


6.78 


resonance(I) 


0.29 


0.28 


4.47 


6.68 


2.24 


resonance(II) 


0.70 


0.67 


10.85 


16.18 


5.43 


total(I) 


2.82 


4.61 


1.93 


12.00 


14.31 


total(II) 


3.75 


5.98 


6.02 


21.32 


20.01 


Exp. 


2.9 


8.3 


104.0 


25.1 


20.2 



tarization are all converging to the existence of two poles 
close to the nominal A(1405) resonance. They would re- 
flect the singlet and one 1 = octet (although with some 
mixture), which are dynamically generated in these ap- 
proaches. The two resonances appear at different en- 
ergies and couple very differently to the 7r£ and KN 
channels. 

When we try to construct a model for the -n~p — > 
K°irY, in analogy to the low energy chiral model for 
ttN — ► ttttN, we observe that the chiral model stresses 
the role of KN intermediate state making the total am- 
plitude for ir~p — > K °7r£ mostly sensitive to the ^jv^ttS 
amplitude, which is dominated by a narrow resonance 
peaking at 1426 MeV. The mechanism alone leads to a 
7rE mass distribution in strong disagreement with the ex- 
perimental data. 

On the other hand, it was found that there are com- 
plementary mechanisms exciting N* resonances from the 
n~p entrance channel. Inspection of the partial waves in- 
volved in the resonance excitations and the decay modes 
singled out a resonance which gives contribution to the 
process, the iV*(1710), with the same quantum numbers 
of the nucleon. The strong Nirw decay channel together 
with the absence of the Nttt] channel, suggested a cou- 
pling of the TV* (1710) resonance to BMM of the SU(3) 
Weinberg- Tomozawa type, which we exploited to see the 
consequences in the ir~p — > K°irT, reaction. We observed 
that this new mechanism had an opposite behavior to 
the chiral one, and strongly stressed the 7rE intermediate 
state instead of the KN, leading to a production am- 
plitude dominated by the t^s— ^2 amplitude. Since this 
amplitude is dominated by the wide resonance peaking 
around 1390 MeV, we found that the 7rS mass distribu- 
tion roughly followed the shape of this resonance and was 
wide and peaking at an energy below 1400 MeV. The co- 
herent sum of the two mechanism was shown to lead to 
total cross sections and a mass distribution compatible 
with the experiment, within the theoretical and experi- 
mental uncertainties. 

The exercise done here shows the important role played 
by the two resonance poles in the production process 
of the nominal A(1405) resonance. We could see how 
two different mechanisms (chiral and V*(1710) terms) fil- 
tered each one of the resonance contributions, and then 



how the coherent sum of the amplitudes from the two 
mechanisms could describe the data. The present exer- 
cise has shown the non-triviality of the A (1405) gener- 
ation, which has been given for granted in all previous 
theoretical studies. Indeed, one needs to make a careful 
theoretical study of each reaction in order to understand 
the nature of the resonance from the observed shape of 
the 7rE mass distribution. 

The study is also telling us that there might be other 
processes where the reaction mechanism of A(1405) pro- 
duction filters one or another resonance, hence leading to 
very different shapes for the 7rE mass distribution. The 
K~p — > A(1405)7 reaction was advocated as one where 
the narrow higher energy resonance will be populated. 
The findings of this paper should stimulate further the- 
oretical and experimental work that helps us pin down 
the existence and properties of these two resonances. 
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APPENDIX A: AMPLITUDES OF CHIRAL 
TERMS 

Here we show the tree level amplitudes of chiral terms 
a, and bi in Eq. I|17[). Indices i are assigned for K~p, 
K°n, 7T°A, 7T°S] , r]A, rjT, , tt+ST, 71-E+ K+E~ , K°E° 
in that order. Note that for the meson pole term of chan- 
nel l(K~p), both 7T° and rj exchange can happen, so that 
we show both of them. 

°* 3 = " 4^2/3 { ° + F) (m K o + q° - k^Y - |fe in |2- m% 
x (m K o(m K o - 2A&) - (q ) 2 + 2fc° n g°) 

iv) _ \ / jj , op-j \ 

1 36V2/ 31 j (m^o +(? 0-fcOJ2-|fc m |2_ TO 2 

x (m 2 K o - 4m^_ + l2m K oq° + 3{q ) 2 



12V2f 3 V ' 
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1 1 

" 2 " 6V2p {D + F) (m K0+q °-kly-\k m \2- m l + h = ^(D F) 



x (3m 2 K0 - 2m K «kl + Ak m q° + 2m K aq° - (q°f 



48/' 



a 7 = 



& 2 = ^-(D + F) 

12V2/ 3 



X 



4V6/ 3 k ' (m K o + q° - fc°J 2 - |fe m p - 

(to 2 - - (q ) 2 + 2m K oq + 2m K ofc°„) 



6V2.f3 V 7 (m x o +(J 0-fc«J2-|fc m |2_ 



to 



K° 



h = "Is/^ + 3F) x (-2m K okl - 2fc°,g° + 3to 2 _ - Am K oq° (q°f) 



1 



"4^2/3 V ' (m K o +q°- fc0j2 - |fe in |2 - m 2 K+ 

X (ra^ - (q ) 2 + 2m K «q° + 2m^fc»„) 



64 = — ^-(D-F) 
8V2/ 3 



6\72/ 3 V ; 



a 9 = 



1 



36^/3 / (m K o+ g O-fc«J2_| fcm |2_ m 2 f+ 
x ^6mKoA;°„ — 6m K oq° — 8m 2 KO 
-12AL + 5m^_+3( g °) 2 ) 



69 = 



65 = ^(S + SF) fll0 = ° 

24 V2/ 3 1 ^ 



12V6/ 3P F \m K o+q*-kiy-\k m \2-ml + bw = q 



x ^6m^ofc°„ — 6m K oq° — 8m 
12 + 5to 2 _ + 3( g °) 2 ) 



2 
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